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Introduction 1
Conservative treatment modalities for knee osteoarthritis (OA) are limited, despite the 2 fact that radiographic knee OA affects nearly 19% of the general population 1 . Invasive 3 treatments such as total knee arthroplasty (TKA), while having successful short-to 4 intermediate-term outcomes, can often be prone to late failure, with reported revision 5 rates of up to 18.9% at 15 years 2 . For this reason, a focus has been placed on OA 6 prevention and identification of modifiable risk factors in the treatment of knee OA. 7
Part of this focus has turned to the role played by knee stability, and specifically 8 static and dynamic stabilizers of the knee. The integrity of static stabilizers (i.e. bones, 9 ligaments) of the knee has been implicated as protective against degenerative disease of 10 the cartilage 3 . Recent literature has turned to the importance of dynamic stabilizers of the 11 knee as well, with studies showing associations of increased muscle strength about the 12 knee joint with both increased risk and a protective effect with respect to knee OA 13 progression 4-10 . However there is currently no firm agreement regarding the basis of 14 these associations, or the definitive recommendations that should be derived from them 15 with regards to the role of muscle strength in prevention of knee OA progression. 16
Previous studies exploring the relationship between thigh muscle and knee OA 17 progression have mostly used strength testing measures, which can be exceedingly 18 limited in terms of reliability and validity as they are prone to patient effort and comfort 19 levels, to characterize muscle strength in study subjects. Muscle cross-sectional area 20 (CSA) can be accurately and objectively quantified using magnetic resonance (MR) 21 imaging, and this has been shown in several studies to have a close correlation with 22 muscle strength measurements 10, 11 . However, few previous studies have used this 23 M A N U S C R I P T
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Effect of thigh muscle on OA progression technology for characterizing and quantifying muscle strength when evaluating its 24 relationship to osteoarthritis progression [12] [13] [14] . 25
The purpose of our study was to determine the relationship between baseline 26 muscle CSA and strength with longitudinal progression of degenerative, morphologic 27 abnormalities of the knee joint in individuals with stable muscle strength over four years 28 and no signs of radiographic osteoarthritis in the tibiofemoral joint. An additional focus 29 of our study was to examine the role that imbalance of agonist and antagonist thigh 30 muscle groups potentially plays in the progression of degenerative changes of the knee 31 joint. 32
33
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Effect of thigh muscle on OA progression
Materials and Methods 34
Subjects 35
Seventy individuals from the Osteoarthritis Initiative (OAI) incidence and progression 36 cohorts were included in this study as outlined in Figure 1 . All subjects included had risk 37 factors for OA without symptomatic knee OA in at least one knee. Risk factors included 38 previous knee injury or surgery, family history of TKA, Heberden's nodes, or knee 39 symptoms within the past 12 months. All subjects provided informed consent. The study 40 was HIPAA-compliant and approved by the local committees on human research. 41
Inclusion criteria were no radiographic OA defined by a Kellgren-Lawrence (KL) grade 42 of 0 or 1 15 . To minimize the effect of age as a confounding variable, only subjects age 43 50-60 years were included. Exclusion criteria were those implemented by the OAI and 44 included contraindications to MR imaging, bilateral end-stage OA, inflammatory 45 arthritis, pregnancy, and co-morbidities that could interfere with study participation 16, 17 . 46
As part of the clinical data collection for the OAI, maximum extension strength 47 was measured using an isometric force testing chair at each visit. Patients who endorsed 48 being limited in strength measurement due to pain were excluded, as were patients who 49 did not have isometric strength testing performed at both baseline and 48-months. Only 50 patients who demonstrated less than 3% variability in extension strength testing were 51 included, in an effort to eliminate changes in muscle strength over time (and factors that 52 may contribute to these changes) as confounding variables in our relationship 53 assessments. A threshold of 3% variability was used because of previous studies which 54 report that 5% variability in muscle strength reflects significant changes in Western 55
Ontario and McMaster Universities (WOMAC) functional knee scores 18 . 56 M A N U S C R I P T 
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Semi-quantitative morphological imaging analysis 69
All images were viewed on PACS workstations (Agfa, Ridgefield Park, NJ, USA). 70
Baseline and 48-month MR images were obtained of the right knee for all seventy 71 patients included in this study as part of the OAI database. Images were reviewed by a 72 radiologist with three years of experience who was blinded to the initial strength 73 measurement of the subjects. were graded based on a Goutallier scale by one radiologist with three years of experience 117 as Grade 0 (no fatty streaks), Grade 1 (some fatty streaks), Grade 2 (more muscle than 118 fat), grade 3 (as much fat as muscle) and grade 4 (less muscle than fat) 21, 22 . A Goutallier-119 derived correction factor was applied to the CSA values to obtain an adjusted value 120 accounting for intramuscular fat (Grade 0=1, Grade 1=0.90, Grade 2=0.85, Grade 3=0.82, 121 Grade 4=0.70, which is analogous to previously-published studies investigating the 122 relationship between Goutallier grade and fat composition 23, 24 ). 123 M A N U S C R I P T
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Baseline patellofemoral alignment 125
In order to determine the variation among our study population in terms of patellofemoral 126 alignment factors, each patient was assigned a value for patellofemoral alignment factors 127 including presence/absence of patella alta as defined by Insall-Salvati ratio of greater than 128 1.3 25 . Presence of patellar tilt was defined as lateral facet angle less than 8 degrees. 129
Patellar subluxation was also assessed (determined through measurement of bisect 130 offset), and trochlear dysplasia as defined by sulcus angle greater than 145 degrees or 131 sulcus depth less than 3 mm was recorded 26 . 132
133
Statistical analyses 134
Statistical analyses were performed using JMP software version 11 (SAS Institute, Cary, 135 NC, USA). Gender-specific Z-scores were calculated for each muscle CSA 136 compartment/ratio (total, extensors, flexors, VM, and E/F ratio). Multivariable linear 137 regression models adjusted for age, gender, and BMI were used to assess the relationship 138 between gender-specific Z-scores for compartmental muscle CSA/ratios (predictor 139 variables) and subcompartmental cartilage, BMEP, and meniscus WORMS scores 140 (outcome variables), after testing that the appropriate relevant assumptions had been met 141 (specifically regarding normality of variables, which was assessed using Q-Q plots). 142
Analysis of WORMS maximum cartilage score progression and non-progression 143 subgroups (where progression defined as WORMS maximum cartilage score increase ≥ 144 1) was performed using Student's t-tests. Statistical significance was defined as p<0.05. 145
Our group has previously analyzed inter-and intra-reader reproducibility for 146 WORMS measurements in a subset of 15 participants with demonstration of high inter-147 M A N U S C R I P T
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Effect of thigh muscle on OA progression observer reliabilities within various WORMS subcategories 19, 27, 28 . Coefficient of 148 variance (CV) for thigh muscle CSA has also been described previously in our group, and 149 was calculated as <2% for all regions of interest measured (vastus medialis, vastus 150 lateralis, vastus intermedialis, rectus femoris, biceps femoris-short head, biceps femoris-151 long head, semimembranosus, and semitendinosus) 13 . Specifically, CV for total thigh 152 muscle CSA, quadriceps, hamstring, vastus medialis, and vastus lateralis were 0.72%, 153 0.92%, 0.96%, 1.34%, and 1.67%, respectively). Additionally, our group has recently 154 demonstrated high intra-and inter-observer agreement for semi-quantitative grading of 155 fat infiltration using Goutallier's classification (0.83 and 0.81, respectively) 23 . 156 M A N U S C R I P T
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Results
159
Subject characteristics 160
Baseline demographic variables of the study population are depicted in Table 1 The strongest association demonstrated in our data pertained to the E/F ratio, 211 calculated as the ratio between the sum of the extensor CSA to the sum of the flexor 212
CSA. There was a strong positive association between E/F ratio and increase in patellar 213 WORMS over 48-months follow-up, p=0.0015 ( Figures 4D and 5) . Specifically, 214 differences between high and low E/F ratio groups demonstrate that the high E/F patients 215 consistent with the results of our study 13 . 281
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The strongest association demonstrated in our study involved increased E/F ratio 282 and patellar cartilage degeneration. This finding raises the concept of hamstring strength 283 possibly playing a protective role for knee cartilage, particularly in patients with 284 increased quadriceps strength. The hamstrings-quadriceps ratio has been the focus of 285 previous studies, especially as it relates to patients at risk for ACL injuries (which in turn 286 can give rise to progressive knee OA) 37 . From a biomechanical standpoint, increased E/F 287 ratio has been implicated in anterolateral tibial subluxation, and it has been posited that a 288 higher E/F ratio is itself a risk factor for ACL injury 38, 39 . It is important to note that our study set out to clarify the role of muscle CSA with 301 overall knee cartilage health, including tibiofemoral cartilage. None of our muscle CSA 302 parameters reached significance with regards to the longitudinal effect on the 303 tibiofemoral joint. One possible interpretation which has been described previously, is 304 M A N U S C R I P T
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Effect of thigh muscle on OA progression that patellofemoral cartilage anomalies are actually a precursor for further cartilage 305 deterioration of the tibiofemoral joint 40 . Previous studies have suggested that structural 306 changes in the patellofemoral joint provide better explanation for knee pain than those in 307 the tibiofemoral joint, and this is also an important consideration as potential 308 relationships between pain and muscle strength/CSA may contribute to our findings 41, 42 . 309
Our study shows a potential direct association between E/F ratio and patellar 310 cartilage degeneration. Confounding factors such as level of physical activity and sports 311 participation may have played a role in this relationship, however we did not find a 312 significant correlation between baseline PASE scores and extensor/flexor ratio to suggest 313 that the level to which physical activity confounded these results was significant. Certain 314 variables such as involvement in high-impact sport activities which may preferentially 315 increase extensor muscle bulk, may also be direct contributors to patellar cartilage 316 deterioration, and future studies on this topic may be able to shed light on whether such 317 factors could play a role in this relationship. 318
Our study has several limitations which should also be discussed. We used the KL 319 scale for subject selection and only included those with KL Grade 0 or 1. The KL grade 320 solely pertains to radiographic OA of the tibiofemoral joint 43 . However, the main 321 findings in our study related to the effect of thigh muscle strength and CSA on the 322 patellar and trochlear cartilage. It is therefore possible that our KL grade selection may 323 have allowed for selection of patients who already had evidence of patellofemoral OA. 324
However, a comparison of our MR data with a previous study by Pan et al. showed no 325 significant difference in frequency of baseline patellar or patellofemoral joint cartilage 326 lesions in our study cohort compared to a normal reference population from the OAI 327 M A N U S C R I P T
Effect of thigh muscle on OA progression database 29 . Secondly, a complicating limitation of our study pertains to our finding that 328 baseline meniscal WORMS scores differed significantly between patients with low and 329 high thigh muscle CSA, though longitudinal values did not differ significantly between 330 these groups. Though the significance of this finding is unclear, it is possible that this 331 may reflect an underlying protective effect of increased thigh muscle CSA as pertains to 332 meniscal, and, by deduction, tibiofemoral cartilage health. The precise implications of 333 this are beyond the scope of this study, and future investigation is warranted to further 334 clarify this result. 335
Our study demonstrates potentially clinically significant findings regarding 336 patellar cartilage deterioration in relation to muscle strength; however, the findings 337 regarding tibiofemoral cartilage were less robust. One possible explanation may be 338 related to the relatively lesser longitudinal changes seen in these cartilage compartments 339 compared to those of the tibiofemoral joint amongst all included patients, unrelated to 340 muscle CSA. Thus, a potential limiting factor of our study is that the deterioration seen in 341 the tibiofemoral compartment over the 48 month time frame was not sufficient to allow 342 adequate assessment of the relationship with muscle CSA. In that case, additional studies 343 investigating longer periods of time would be needed to assess muscle strength effects on 344 the tibiofemoral joint in particular. 345
Similarly, our study did not find significant associations between total muscle 346 CSA values or WORMS scores and baseline or longitudinal change in WOMAC scores, 347 which is not unexpected as previous studies have reported similar limited correlations 348 between WORMS scores/muscle CSA values and WOMAC scores 13, 44 . This may be 349 explained by the fact that WOMAC scores report only knee functionality over the past The length of the femur from the superior aspect of the femoral head to the intercondylar 535 notch was first measured, and the obtained measurement was divided by three to obtain 536 the location of the distal-middle third junction of the femur. This length (18.335 cm) was 537 then correlated with the appropriate axial MR slice (B). 538 Calculated using student's t-test, with statistical significance defined as p < 0.05. * Groups determined using cut-off value of 10,000 mm 2 , which separated upper and lower 50 percentile for corrected total muscle CSA M A N U S C R I P T 
